This research work presents a new method for estimating fracture properties for a horizontal well with multiple hydraulic fractures in shale gas reservoirs. This method utilizes the production data obtained during the linear flow period to provide reliable estimates of both fracture half-length and formation permeability.
The conventional pressure transient analysis methods require a fore-knowledge of the reservoir permeability to estimate both fracture half-length and fracture conductivity from linear flow and bilinear flow periods respectively. The existence of the elliptical or pseudo-radial flow periods is a pre-requisite to provide an estimate of reservoir permeability. Due to the formation characteristics, it takes a very long time to reach either the elliptical or pseudo-radial flow periods.
This research study presents a unique method of estimating both fracture half-length and matrix permeability using early time production data. The method developed in this study uses two linear flow equations which are generated from the conventional working equations for linear flow in vertical wells. The method involves the use of the conventional diagnostic plot of pressure derivative and change in pseudo-pressure versus time, and the specific linear plot of change in pseudo-pressure versus square root of time.
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An accurate knowledge of the end of linear flow period is a pre-requisite to obtain reliable results using this method.
The results of this research study show that this method provides reliable estimates of both shale matrix permeability and average fracture half-length in horizontal wells with multiple hydraulic fractures in shale gas reservoirs.
3 2 CHAPTER 2: LITERATURE REVIEW 2.1 Shale Gas in the United States Shale gas is natural gas produced from hydrocarbon rich shale formations. Natural gas plays a key role in meeting U.S. energy demands. Natural gas, coal and oil supply about 85% of the nation's energy, with natural gas supplying about 22% of the total (David, 2008) . The percent contribution of natural gas to the U.S. energy supply is expected to remain fairly constant for the next 20 years (David, 2008) .
The United States has abundant natural resources. The Energy Information
Administration estimates that the U.S. has more than 1,744 trillion cubic feet (tcf) of technically recoverable natural gas, including 211 tcf of proved reserves (the discovered, economically recoverable fraction of the original gas-in-place) (API, 2010) . Technically recoverable unconventional gas (shale gas, tight sands, and coalbed methane) accounts for 60% of the onshore recoverable resources (David, 2008) . At the U.S production rates for 2007, about 19.3 tcf, the current recoverable resource estimate provides enough natural gas to supply the U.S. for the next 90 years (API, 2010).
The lower 48 states have a wide distribution of highly organic shale containing vast resources of natural gas. Already, the fledgling Barnett Shale play in Texas produces 6% of all natural gas produced in the lower 48 states (David, 2008) . Analysts have estimated that by 2011 most new reserves growth (50% to 60%, or approximately 3 bcf/day) will come from unconventional shale gas reservoirs (David, 2008) . According to a study carried out by David (2008) , the total recoverable gas resources in four new shale gas plays (the Haynesville, Fayetteville, Marcellus, and Woodford) may be over 550 tcf. 
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The table below presents a comparison of data for gas shale in the United States. 
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Shale acts as both the source and the reservoir for the natural gas. A typical shale rock has limited permeability horizontally and extremely minimal permeability vertically;
typically unfractured shale has permeability in the micro to nano-darcy range (Brian, 2007) . The low natural permeability of shale has been a limiting factor to the production of gas shale resources (Ameri & Yost II, 1985) . Older shale gas wells were vertical while more recent wells are primarily horizontal and need artificial stimulation, like hydraulic fracturing, to produce. The most significant trend in U.S natural gas production is the rapid rise in production from shale formations (API, 2010) . In large measure, this is attributable to significant advances in the use of horizontal drilling and well stimulation technologies and refinement in the cost effectiveness of these technologies. Hydraulic fracturing is the most significant of these.
Hydraulic Fracturing in Horizontal Wells
Hydraulic fracturing has been shown to be an effective way of significantly enhancing the performance of horizontal wells. Multiple fracturing of horizontal wells has been shown to be both a viable and successful approach. In a tight naturally fractured gas reservoir, the productivity of a multi-fractured horizontal well is shown to be several times greater than that achieved by a stimulated vertical well (Yost A.B., 1989) (Horne., 1995) . The study showed that the effectiveness of creating multiple fractures along a horizontal well depends on the relative lengths of the well and the fractures as well as the time at which the comparison is economically significant.
Two types of hydraulic fractures are possible with horizontal wells (Soliman M.Y., 1990) ; if the axis of the well is normal to the minimum horizontal stress direction then a single large fracture is formed along the axis of the well. Fractures transverse to the wellbore axis will be created when the well is parallel to the minimum horizontal stress.
More complicated fracture geometries will result if the wellbore axis is not normal to 7 either principal horizontal stress directions. Techniques used to hydraulically fracture horizontal wells completed in shale reservoirs often require larger volumes of fracturing fluid than might be common for conventional, vertical well stimulations.
Pressure Transient Behavior of Fractured Horizontal Wells
The effect Schulte evaluated the effect of limited flow entry in vertical wells with a finiteconductivity fracture (Schulte, 1986) . He showed that the early transient data can exhibit a radial-linear (or linear-radial) flow period comparable to the bilinear flow regime for a fully penetrating fractured vertical well. Type curves were generated using both a numerical simulator and analytically derived Laplace transformed solutions for the radiallinear period, or actually semi-radial-linear for the cases considered. The storativity of the fracture was ignored. For not-too-small values of time, the dimensionless pressure was expressed analytically. An expression for the expected skin value due to limited flow entry was also presented. It was shown that the productivity of a fractured well may be significantly reduced if the inflow interval is much smaller than the fracture height.
Schulte's equations also describe the situation with a horizontal well penetrating a vertical fracture during the radial-linear flow period. Soliman et al. also presented similar equations for a horizontal well intercepted by a transverse finite-conductivity fracture with storativity of the fracture included. They also evaluated the effect of a step change in fracture conductivity. It was demonstrated that the fracture performance depends on both the magnitude and the distribution of conductivity and does not depend solely on the average of the fracture conductivity, with low fracture conductivity near the wellbore naturally reducing the productivity.
Davlau et al. proposed that there are two identifiable flow regimes during transient flow, early-time radial and late-time pseudo-radial flow (Davlau, 1985) . Davlau et al. presented the analytical solutions for pressure during these two flow regimes and the corresponding durations of the regimes for transient-test analysis. They were the first to consider wellbore storage effects in horizontal wells by coupling their model with the Cinco- Ley and Samaniego (Cinco-ley, 1977 ) numerical model. Based on the relative magnitude of wellbore length and reservoir thickness, Clonts and Ramey (Clonts, 1986) considered two types of transient pressure behavior in an infinite reservoir, an initial radial flow followed by a transition to a pseudo-radial flow for a short drainhole and a rapidly ending initial radial flow followed by the pressure behavior of a uniform flux vertical fracture for a long drainhole. Like Davlau et al. (Davlau, 1985) , they presented analytical equations for short-time radial and long-time pseudo-radial flow and time criteria. Their solution is a solution for the uniform-flux condition.
Ozkan presented an extensive library of solutions in terms of the Laplace transform variable; he considered a wide variety of wellbore configurations, different bounded systems, and homogeneous or double-porosity reservoirs (Ozkan, 1988) . Chen and Raghavan used Ozkan's solutions in studying a multiply fractured horizontal well in infinite systems, they accounted for the interference between fractures by the superposition of influence functions, their work only dealt with 2D fractures in isotropic system . As discussed by Chen (1997), and Raghavan and Chen (1997) , (Soliman et al., 1990 , Mukherjee et al., 1991 , and Larsen and Hegre., 1991 . Ozkan et al (2006 Ozkan et al ( , 2009 accounted for the impact of radial flow convergence by applying a flow choking skin and incorporating the wellbore storage effect into the trilinear flow model by convolution.
Conventional Pressure Transient Analysis Techniques:
In theory, up to five flow regimes could appear during horizontal-well transient flow.
However, the existence of these flow regimes is closely associated with the dimensions of the reservoir drainage volume, wellbore length, and permeability anisotropy, etc. Hence, it is common that some of flow regimes are not present. The following shows the possible flow regimes for fractured horizontal wells (Ozkan, 2006) . 
Fracture Radial Flow
The fracture radial flow period is usually short lived. For practical purposes, this flow period is usually not analyzed because it is usually masked by wellbore storage (Soliman et al., 1990 , Mukherjee et al., 1991 , and Larsen and Hegre., 1991 . Larsen and Hegre (1994) Thus, the fracture conductivity, k f w f , can be calculated directly from equation (2.12) and it is not necessary to know the formation height or reservoir permeability. The duration of bilinear flow depends on dimensionless fracture conductivity and is given by equations 2.17 -2.19 for a range of dimensionless times and fracture conductivities (John Lee., 1996) . 
Radial-Linear
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Formation Linear Flow
The dimensionless wellbore pressure of a vertical well intercepting a finite-conductivity, vertical fracture during formation linear flow period is given by Cinco- Ley (1978) and Cinco-Ley (1981) . In the case of horizontal wells intercepting transverse, finite conductivity fractures, the solution given by Cinco- Ley (1981) can be modified to yield 15 …………………………… (2.20)
Where S is the fracture surface skin and S p (F cd , X f , h D ) is a pseudo-skin factor that accounts for the additional pressure drop due to finite conductivity, flow choking and fracture geometry. The early-time linear flow period is characterized by a half-slope straight line on a log-log plot of the derivative responses. On cartesian co-ordinate paper, P wf is a linear function of t 1/2 ( Figure 5 ). 
Overview
The methodology developed in this study uses early time production data together with bottom hole pressure measurements and basic reservoir and fluid properties as input. The desired output results are reliable estimates of shale matrix permeability and an average fracture half-length. Figure 6 gives an overview of the methodology used in this study. . Under the conditions assumed in this study, there is no pressure loss along the horizontal wellbore and therefore the pressure transient response of a horizontal well with n F identical fractures can be modeled by considering one of the fractures producing from a rectangular reservoir section at a rate equal to q g = q t /n F where q t is the total flow rate of the horizontal well. 
Formation Linear Flow Solution
The methodology employed in this study is to develop a set of working equations applied to the analysis of the early time production data obtained during the linear flow period.
These equations are developed from the conventional pressure transient analysis equations for formation linear flow in vertical wells.
For gas, the linear flow solution in terms of pseudo-pressure is given by
The dimensionless pressure (John Lee., 1996) can be defined as;
The dimensionless time with fracture half length as the characteristic length (John Lee., 1996) is defined as;
The working equation for Linear Flow analysis in hydraulically fractured wells is 
Procedure
The following provides an outline of the newly developed technique to reliably estimate fracture properties from a hydraulically fractured horizontal well completed in shale gas reservoir.
Step -1:
Identify the existing flow regimes from a diagnostic plot of pressure derivative versus time. If linear flow is present, then identify the beginning and the end of linear flow period (t elf ).
Step -2:
Estimate the slope m of the linear plot of pseudo-pressure drawdown, ∆m(p), versus t 1/2 , for the data in the range of the linear flow period.
Step -3:
Apply the derived linear flow equations (3.7) and (3.8):
x f = 2.289 ‫ݐ‬ 
Validation of Methodology
In order to validate the proposed methodology, two synthetic cases are generated by reservoir simulation, and variable production rates and pressure data for a well are converted into an equivalent constant-rate pressure drawdown test using a stable deconvolution technology. The input parameters for the reservoir simulation run are presented in Tables 2 and 3 .
Synthetic Case -1:
The basic information for the reservoir, fracture and fluid properties for synthetic case 1 are given in table 2 below. Figure 8 shows the well, fractures and reservoir system for synthetic case 1 while Figures   9 and 10 show the daily production rate and cumulative gas production for the horizontal well considered.
24 Using a stable deconvolution technology, the variable production rate-pressure data obtained from the simulation run was converted into an equivalent constant-rate pressure draw down test. This corresponds to an equivalent constant rate of 80 Mscf/day. Figure 13 shows the well, fractures and reservoir system for synthetic case 2 while Figures 14 and 15 show the daily production rate and cumulative gas production for the horizontal well considered. Using a stable deconvolution technology, the variable production rate-pressure data obtained from the simulation run was converted into an equivalent constant-rate pressure draw down test. This corresponds to an equivalent constant rate of 30 Mscf/day. From the results provided in table 4, the newly developed method provides close estimates of both shale matrix permeability and fracture half-length. The results obtained from synthetic case -2 also show that the newly proposed method provides close estimates of both shale matrix permeability and fracture half-length.
Results Summary (Synthetic Case -2)
To reliably check the validity of the new method, different well -fracture configurations have been considered in this study. The two cases presented in this study have different number of transverse fractures, fracture spacing, fracture half length and shale matrix permeability. For synthetic case -1, a horizontal well with 8 fractures spaced 415 ft apart, over a 3050 ft lateral length was considered. Each fracture has a half length of 500 ft and the shale matrix permeability is 500 nd. For synthetic case -2, a horizontal well with 32 fractures spaced 105 ft apart, over a 3360 ft lateral well length was considered.
Each fracture has a half length of 250 ft and the shale matrix permeability is 250 nd.
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CHAPTER 5: CONCLUSIONS & RECOMMENDATIONS
The technique presented in this research work provides a reliable estimate of both fracture half-length and shale matrix permeability using the production data acquired during the linear flow period. A pre-knowledge of the formation permeability is not a pre-requisite to use this method. Since this method uses only the early time production data, it reduces the impractical long times required for gas well testing in hydraulically fractured horizontal wells in shale gas reservoirs. It therefore provides an excellent alternative to the conventional pressure transient analysis method.
This study has shown that the newly developed method provides very close estimates of average fracture half-length and shale matrix permeability. The results obtained from the study show an estimation error of about 2% -10% when this method is used. This method is therefore useful in pressure transient analysis of horizontal wells with multiple hydraulic fractures in shale gas reservoirs. 
